Engineers are confronted with difficulties when it comes to the inclusion of sustainability aspects into the design process of electronic devices. Due to the specific nature and complexity of material composition, process flows and data availability there is a need for electronics-specific methodologies for environmental assessment. These need to allow for easy adaptation in all stages of the design process thus leading to a rapid identification of critical hotspots in system design. To fulfil this demand, indicators available for product-level assessment are evaluated with regard to environmental impact category coverage, practicability and significance for selected application fields of electronics. Case studies on sensor nodes and lighting products are used to show the application of indicator sets in industrial settings. As an outcome, indicator sets are identified that support the designer in keeping track of the overall sustainability of electronic products.
Introduction
The development of environmentally sound electronic products involves technology choices effecting all life cycle stages of the system. The design stage is considered the most relevant phase to reduce the environmental impacts of a product since it offers the largest degree of flexibility for modifications in functional layout, robustness and the related choice of components and interconnect technologies at minimum costs. It is assumed that 80 percent of the overall impacts are predetermined and set within the product design process (PDP) [1] from which point the possibilities to make major changes to improve the product decrease [2] .
As a consequence, the design process must be supported by easily applicable and adaptable approaches for environmental impact assessment of the product with respect to selected life cycle stages. These approaches need to consider gaps and limited availability of system-related data especially in the very early and premature development stages of the design process. Uncertainty of the results based on the quality and predictability of the input data must be considered allowing for a step-wise adaption of the environmental impact assessment with increasing knowledge within the development process but also the products future life cycle.
The focus on electronic products is used to determine the evaluation criteria for existing approaches according to prevalent used components.
Emerged from the discrepancy of these assumption, the goal of this research is to set up a multi-level design method, consolidated of the existing assessment approaches able to link the primarily given input data to its environmental aspects. Based on predefined criteria in chapter 3.1 for evaluation, existing approaches are narrowed down to the most commonly used checklists, indicators, tools and life cycle based methodologies [3] . In the following section 1.1. the basics of the used approaches in chapter 3. are described, started from the low level assessment (checklist) to complex life-cyclebased methods.
Assessment approaches related to eco-design
Evolving technologies, miniaturisation and new complex materials and combinations make the materials choices for environmental friendly electronics increasingly difficult. Computer chips for example contained 12 materials in the 1980s, whereas in 2009 60 materials were used [4] .
A prevalent first step within the PDP of companies is to develop white, grey and black material checklists. White lists typically categorise materials that should be used, grey lists contain materials that should be avoided if possible and black lists show forbidden materials [5] . The 2011/65/EU RoHS directive for example blacklists materials like cadmium, mercury or lead, based on human and environmental toxicity levels.
Though material checklists may be a practical approach at the design stage, for addressing the best eco-performance in an absolute sense it is useless considering how they might contribute to improve other life cycle impacts (e.g. lifetime extension, energy consumption etc..) [5] .
Compressing more information, indicators are defined as condensed measures of a complex systems state that report changes and/or the state of a system in an easy and understandable way [6] . In the context of eco-design, environmental performance indicators (EPI) as defined in the ISO 14031 are used to measure the eco performance of products. EPIs are commonly used as effective factors for providing information on eco-design and environmental impacts. Key environmental performance indicators (KEPI) represent potential environmental impacts of particular relevance for a specific sector. KEPIs express the results of an environmental assessment by quantifying the environmental inventory and impact data relative to a reference e.g. a product or functional unit. Typical KEPIs are the cumulative energy demand (CED) and carbon footprint (CF) [7] .
Life cycle assessment (LCA) methodologies detail a variety of measures and indicators in order to measure the ecoperformance of a product by assessing environmental impacts over the entire life cycle. According to the ISO 14040 standards, the assessment of the product with a LCA gives impact information about the product to improve its ecoperformance, to set sustainable goals or to achieve an Environmental Product Design (EPD) certification. Although the usage of LCA methodologies may be comprehensive, their use during the design stage can soon become inefficient. Known barriers within the PDP are the complexity, data availability, transparency, unclear system boundaries and weighting leading to a time consuming analysis [3] [8] . Furthermore it is difficult for designers to relate to the results, since they are classified in impact categories like ozone depletion or photochemical oxidation.
Conclusively, the variety of those existing approaches differs in various aspects like the required input data or significance of the category, enlarging the complexity and leading to difficult choices for designer on appropriate approaches. For this reason it is necessary to evaluate the existing assessment approaches according to their practicability in analysing electronics.
Criteria for evaluating assessment approaches
For the existing approaches, in particular indicators, evaluation criteria was set up with regard to the mentioned discrepancy: approaches have to fulfil the trade-off between the limitations drawn by the design stage and the quality and range of the resulting measures and indicators.
As a commonly used approach for setting up evaluation criteria, the "RACER criteria" as outlined below was adapted to meet the mentioned problems and objectives of the electronics designer at design stage. In addition to the set up criteria, approaches that do not apply to the product level or to electronic products were neglected. Robust: reproducible data; comparable and applicable to further or new generations Accepted: accepted by electronic designers by means of applicability on product level; applicability to electronic systems; Credible: easy to evaluate and interpret; Easy: minimum input data required; data availability at design stage; low calculation time; Relevant: quantitative data; based on chemical and physical characteristics; linked to environmental impacts;
Consolidated method for sustainable electronic design
With the specified RACER criteria, several assessment approaches were evaluated. In this process e.g. qualitative indicators have been neglected, since they don't follow the set up criteria (high information input & calculation efforts). As a result of this research, two main approaches were adapted within the evaluation. First a checklist for specific critical electronic materials were developed to reduce the materials to examine. Secondly, to enable a comprehensive assessment, the evaluated indicators were embedded into a life cycle based matrix, with regard to their impact category. In total, the method consolidates four steps:
1. Obtain raw data from three proposed data sources 2. Setup a checklist for specific electronic materials 3. Chose indicators from indicator matrix that links the energy, material and emission impacts to three life cycle stages 4. Optional: build use case scenarios and conduct a hotspots analysis
Raw data: bill of materials (BOM), product specifications, environmental Database
The essential pillar to apply checklist and indicators is the raw data, since all following calculations rely on it. To obtain the raw data, the first step is to specify the input data needed and set up the data sources. Especially to fulfil the robust and relevant criteria, this methodology proposes three data sources, namely the product specifications sheet, the bill of materials, as well as environmental databases:
The product specification sheet usually contains functional specifications like energy consumption that is usually delivered with every electronic device (EU). The second, very robust and relevant data source available at design stage lies in the masses of the materials contained in electronic parts and systems, that can be retrieved manually or from available BOM. Especially big companies like NXP etc. provide their BOM for their electronic components online. If the material information for a specific part is missing, the data can be investigated manually. Therefore the ZVEI (Zentralverband Elektrotechnik-und Elektronikindustrie) provides the umbrella specification datasheets. For various types of the electronic components listed in chapter 2 generic material composition and masses are listed. As a third source, raw data can be adopted from existing databases. Those can be retrieved free from e.g. ProBas online database (Prozessorientierte Basisdaten) or from commercial software like GaBi (Ganzheitliche Bilanzierung).
Particularly for complex electronic systems the diversity of basis components does not allow a quick gathering of the material raw data. Therefore the three data sources are complemented by a list with common electronic components as well as commonly contained resources as shown in Table 1 . It enables to focus the analysis to the most important components for the underlying research. The listed resources are selected upfront with regard to the materials, as set up in Table 2 . Within the next step, the possible material range obtained as raw data will be filtered to reduce the considered materials and therefore reduce complexity of the further calculations. As a filter, a "grey list" is exemplarily set up on materials that are of economic importance, criticality and commonly used within electronic products. Toxicity is included as it is assumed that it will be filtered by an individual black list.
Material screening for setting up a grey list
In 2014 the European commission conducted a study of 54 materials to define the critical raw materials for the European Union. The analysis is based on supply risk based on resource dominance in combination with political and economic stability in the country of extraction. Furthermore the criteria included the ecological relevance in terms of the resource use of the industry [9] .
The calculation of the European commission was adapted to analyse the economic relevance for the electronic industry. It is based on calculations of data from world production, demand of the electronic industry, metal price and estimated costs for the electronic industry in millions of dollars [10] .
More than 86 electronic relevant materials are proposed [4] . Table 2 lists those materials that are critical according to the EU or of economic importance and that are contained in LED, LCD, mobile phones or wireless sensors (blue). One minus sign (-) is used to mark non-critical materials, two (--) for middle criticality and three (---) for high critical materials. 
Precious metals
Gold -----
In combination with the following indicator matrix, the grey list can be used to limit the materials considered. By using only the most important materials, the calculations effort, data requirement and therefore the overall analysis effort can be lowered. Vice versa an independent use of the grey list could lead the designer to unfavourable choices e.g. to neglect electronic components that contain more critical materials than others, though important aspects like durability could be better.
Indicator matrix
The existing indicators can be categorized within several dimensions. In the evaluation process, indicators were identified according to the set up RACER criteria and collected within an EXCEL sheet. To structure the indicators and reduce the complexity, the indicators were categorized into a matrix with two dimensions.
The first dimension is based on an LCA approach, using single life cycle stages for structuring. However, not every stage of the life cycle is of high relevance for electronics, whereas the data availability can be problematic. To find the trade-off between important stages and data availability, the stages with the greatest environmental impacts (hotspots) for electronics have been identified. A study on LED-lighting products has been conducted, supported by the study of [11] , where mobile phones were analysed by means of an LCA. Based on the results, the manufacturing and distribution phase, use phase and the end of life have been determined as the stages to include.
The second dimension considers the system boundaries of electronic parts as proposed in [12] by input and output streams of material, energy, solid waste, water and gaseous emissions. Due to the lack of data and knowledge about the lifecycle of a product at its inception, the analysis focuses material and energy streams. Within the evaluation process, the category "emissions" was included, since some indicators were found that fulfil the internally defined criteria.
The different types of indicators were harmonized by recording consistent, basic information: the indicator name, unit, calculation method, its regarded life cycle stage and the impact category. The existing indicators have been extracted with respect to the set up criteria from the studies of P. Singhal [11] , C. Allione [13] , Ökoinstitut [14] , N. Nissen [7] and the MET-Matrix [15] . Table 3 shows the indicators categorized by their affiliated two dimensions.
For energy related environmental impacts the cumulative energy demand for the extraction phase CEDExtractation in joule per gram is considered in the matrix, because of the high data availability given by the databases, mentioned in 3.1. The use phase of various electronic products is usually considered as the longest phase and therefore as a hot spot for various electronic application, reflected by the energy consumption in watt during active usage and in sleep mode.
Resource indicators that are easy to determine at the manufacturing phase are considered by the size of the PCB Board, LCD, LED-die, the quantity of solder paste and the number of components, indicating losses during production, but also waste flow at the end of life. Also wrapping waste, expressed in mass or size contributes to a higher resource input streams as well as recycling efforts. The end of life is represented by the recyclability of products by means of the material specific UNEP recycling rates and the grey list for a more compressive view. The limited data availability but also unknown use context, limit the emission based indicators to the distribution phase of products. Like the CED, the carbon footprint in CO2-equivalents can be calculated on basis of inventory data (e.g. of GaBi database), reflecting the set of greenhouse gases from cradle to gate. Although emissions due to transportation are considered with in the carbon footprint, it can be calculated manually with the distance a product will be transported.
Scenario building and hot spot analysis
When it comes to the use of indicators the designer still have to face contradictory choices. For example it is possible to choose electronics that ensure a good durability but at the same time contain a high quantity of rare earth metals. On the other hand widely used products with a very short use phase should basically focus on recyclable materials.
The designer has the possibility to refine the matrix according to his specific product. The importance of indicators in the matrix can be related to a scenario for the use and end of life context as well as to case-specific hot spots. Based on the assumed scenario or a hot spot analysis, further assessment efforts like raw data extraction and calculations can be reduced respectively the eco-performance of the product can be addressed more accurately.
Use cases: LED-products and wireless sensor nodes
The developed methodology were applied to two use cases for electronic systems of different application scenarios. The first use case shows the application of the methodology for an LED-product as consumer electronics in large scale production. As a second use case, wireless sensors for industrial application in small scale production were analysed.
Comparing the design of LED systems
In the LED use case, a new prototype of a LED-lamp (Lamp 2) was analysed and compared to an old generation of the same type of lamp (Lamp 1). To achieve a comparable basis, the lamps equally fulfil the requirements according to DIN EN 13201 and are of the same lighting class. Each luminaire contains the LED, a driver as electronics and the lamp as housing.
In the first step, the material raw data of the microelectronics including the LED itself and the driver as well as the macroscopic parts from the luminaire (housing) have been retrieved: the LED was x-rayed and cross section polished to specify the volume and calculate the respective masses through general material densities. The materials of the single volumes in the LED were identified with a scanning electron microscope. For the electronic components in the driver, the single parts were identified and umbrella specification were used to estimate information on materials and masses. Samples of selected electronic parts were analysed to verify the generic data of material and masses from the umbrella specifications. Since no critical materials from the checklist for electronics were used in the luminaire, it did not contribute to the assessment. For further material refinement, the general electronic materials from the grey list have been reduced to the LED electronic materials found as shown in the upper half of Table 4 .
Before choosing indicators from the matrix, a hot spot analysis based on literature was conducted to specify the life cycle stages to LED-systems regarding the major energy, material and emission impacts, leading to the chosen indicators as exemplarily shown in the lower half of Table 4 . The literature pointed out the largest hotspots in material losses occur during production and end of life, due to "technological limitation" e.g. complexity rises for achieving "wavelength uniformity and reproducibility" or "high recycling rates" [16] , reflected by the PCB board size, the quantity of solder paste and the die area. Since some materials have a greater environmental impact, the material masses from Table 4 were weighted by the CEDExtraction.
Regarding the hotspots for energy consumption, the literature identifies the use phase as the dominant phase for energy consumption (independent from the use case) by means of a LCA scenario analysis [17] . Therefore the energy consumption of the product was chosen to represent the energy impact category. No emission indicators were chosen, since data on emissions could not be found in literature, manual analyses could not be conducted and databases lack information related to emissions of rare earth metals. For further efficiency calculations like relative energy consumption (relative indicator) the light output (in luminous flux) was chosen as the functional unit of LED-applications.
The results point out that the new lamp design (Lamp 2) shows improved eco-performance for the considered materials and indicators. In particular, the reduction in the die area to 65% indicates lower material losses during production and end of life. The mentioned hypotheses, using less critical materials lead to a lower lifetime were disproved by conducting the standardized LM-80 test for determining the expected lifetime of luminaires. It revealed a similar degradation over time, leading to a minimum expected lumen output of 70% after 50.000 hours for both luminaires.
Impact assessment of wireless sensor node components
The second case study examines a wireless sensor node that was designed as a prototype. Due to its special characteristics, a similar sensor nodes not was not available and therefore a relative assessment by comparison could not be conducted. Instead the absolute impacts by the built in electronic parts were analysed by means of the emission based indicator carbon footprint. The "GaBi6 Extension database XI: Electronics" claims to provides data on input and output streams on various electronic parts. On account of the complexity and the various types of available microelectronics within the GaBi database, the generic material information required a deeper investigation of the underlying packages. To get specific data, samples of the contained active parts were cross section polished and x-rayed. The generic data were scaled to the actual measures as well as the amount of terminals, identifying the closest match within the database. To consider the component assembly, an additional SMD assembly process, linked to the substrate size and material has been included. Finally the considered data sets for electronic components on carbon footprint has been aggregated to a total result of 1975 kg CO2-eq. for the WSN.
With 59 percent the microcontroller is the biggest contributor to the considered environmental impacts, followed by the transistor and converter with 14 percent, the PCB with 9 and peripheral components, sensors, assembly and solder are under 5 percent. In summary, the effort for the chosen carbon footprint increased drastically, due to the manual data measurement to scale the generic modelling data.
Discussion
Assessment of complex product structures and results, use of once ascertained data as well as transparency e.g. regarding boundary conditions or assumptions are still embodied limitations of the developed method. The relevance of the chosen category from the combination of the two dimension is not always given. In this context, the toxicity is a category that is not necessarily considered within black lists and should therefore be included in further research, e.g. on basis of [7] . Within the LED use case, the CED may addresses the material energy demand, yet it does not weight the actual problem of some materials e.g. the criticality of rare earth metals. In general data on environmental impacts of e.g. rare earth metals is barely availably, reducing the possibility on an easy assessment within design stage to a few indicators.
Product designer usually chose known materials and therefore miss the options that come with new technologies and materials -not at last, due to the matrix itself and the checklists, since they lack knowledge of design alternative. Because indicators compress and therefore loose information the interpretation basis of indicators is limited.
The trade-off therefore has to be made by the designer, balancing the best possible assessment efforts and the information needed and furthermore overcome economical and company drivers like price and functionality to include sustainability within their component choices.
Summary and outlook
Within this research a multi criteria methodology has been developed to make choices for electronic design easier. Indicators where evaluated and categorized within a life cycle based matrix, including the impact categories energy, material and emissions. Furthermore a specific electronic material checklist has been adopted on the basis of the EU list of critical materials. Typically used components were listed with regard to the identified criticality. The methodology has been applied to compare two LED-lamps as well as to identify the electronic parts of a wireless sensor node with the greatest impact.
In further research, the use case of one sensor node will be extended to sensor network structures considering not only hardware, but also software aspects. By conducting new research, the matrix and checklist will be complemented by more useful indicators for reporting eco-performance of electronics.
Currently a device is in development for drastically reducing the raw data extraction. Therefore the device scans PCBs and analyse them by a software algorithm to identify electronic parts and automatically calculate the material content [18] .
